We have developed a closed-tube format telomeric repeat amplification protocol (TRAP) 
INTRODUCTION
Telomeres are specific structures found at the end of eukaryotic chromosomes (2, 18) . Telomeres stabilize chromosome ends; broken chromosomes lacking telomeres undergo fusion rearrangement and translocation (2) . In somatic cells, telomeres are progressively shortened during each cycle of cell division due to the inability of the DNA polymerase complex to replicate the very 5 ′ end of the lagging strand of DNA (11, 15) . Telomerase, a ribonucleoprotein reverse transcriptase (5, 9) , adds telomeric repeats onto the 3 ′ end of telomeres, thereby compensating for the gradual loss of telomeres (2) . Telomerase is repressed in most somatic tissues but is found in germ-line cells, stem cells, cancer cells and immortal cells (7, 12) , which suggests a close association between telomerase expression and cellular proliferative capacity. In fact, it was reported that de novo expression of the telomerase activity extends the lifespan of normal human cells (3) . Therefore, telomerase is a potentially important biomarker and prognostic indicator of cancer and an attractive target for chemotherapeutic intervention (1, 4, 12) .
Currently, the most effective method for measuring telomerase activity is the telomeric repeat amplification protocol (TRAP) assay (6, 7) . This is a two-step assay in which: (i) telomerase adds telomeric repeats onto the 3 ′ end of the substrate oligonucleotide (TS), and then (ii) the extended products are amplified by polymerase chain reaction (PCR) using TS and a reverse primer (RP), a primer that is complementary to the telomeric repeats. The products are analyzed by polyacrylamide gel electrophoresis (PAGE). While the assay is sensitive, robust and quantitative, it suffers the same draw-backs of all PCR-based assays, including the risk of carryover contamination and laborious post-PCR processing with limited throughput. In this report, we describe a method for closed-tube detection of telomerase activity utilizing novel energy transfer (ET) primers (Amplifluor ™primers) (13, 17) . The Amplifluor primers are designed to emit a fluorescence signal only when they are incorporated into PCR products, while unincorporated Amplifluor primers do not fluoresce (10) . Therefore, the amount of PCR products can be determined by directly measuring the fluorescence of the reaction mixture. Furthermore, incorporation of internal standard labeled with a second dye enables an accurate quantification of the target. Thus, utilization of the Amplifluor ET primer system in the TRAP assay eliminates the necessity of post-PCR manipulation and permits the detection of telomerase activity in a closed-tube format. This innovation enhances the utility of TRAP assay for the detection of telomerase activity.
MATERIALS AND METHODS

Design and Synthesis of Amplifluor Primers
The 41-nucleotide (nt)-long ET reverse primer (Amplifluor RP primer) consists of a 3 ′ -end sequence complementary to the target sequence (telomeric repeats) and a 5 ′ -end hairpin structure (Figure 1 ). The 5 ′ -end sequence, which has no homology to the telomeric repeats, was determined to form a stable intramolecular hairpin structure. The 5 ′ end of this hairpin Amplifluor RP primer was labeled with fluorescein (donor) in the last step of chemical synthesis. The 4-(4 ′ -dimethylamino-phenylazo) benzoic acid: acceptor (DABCYL), a nonfluorescent chromophore, was linked to a T residue containing a C 6 amino group, which is complementary to the 5 ′ -end A linked to the fluorescein (10).
Preparation of Telomerase Extract
The telomerase extract was prepared by suspending cultured cells or homogenizing tumor tissues in a buffer containing 10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM benzamidine, 5 mM β -mercaptoethanol, 0.5% 3-([cholamidopropyl]-dimethylammonio)-1-propanesulfonate (CHAPS) and 10% glycerol on ice for 30 min. The supernatant fraction was then isolated by centrifugation at 14 000 × gfor 20 min at 4°C.
TRAP Assay
A gel-based detection of telomerase activity was performed utilizing the TRAP EZE ® Telomerase Detection Kit (Intergen Company, Purchase, NY, USA) with a 173-bp-long internal control (Modified Reagent Set, Intergen). All the procedures were performed as described in the kit's manual. Briefly, cell extracts were added to the telomerase extension/PCR amplification reaction mixture containing TS primer (telomerase substrate oligonucleotide) and RP primer, 50 µ M each of dG, dA and dTTP, 6 µ M of dCTP and 0.25 mCi of [ α -32 P]dCTP (3000 Ci/mmol), 2 U of TaqDNA Polymerase (Intergen), 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , 63 mM KCl, 0.05% Tween ® 20 and 1 mM EGTA in a final volume of 50 µ L. The extension reaction was performed at 30°C for 30 min followed by PCR in the GeneAmp ® 9600 Thermal Cycler (PE Biosystems, Foster City, CA, USA) using the following conditions: 94°C for 30 s and 59°C for 30 s for 30 cycles. Twenty microliters of amplification products were separated by non-denaturing electrophoresis on a 12.5% or 10% polyacrylamide gel (mono/bis = 19/1; Bio-Rad, Hercules, CA, USA) in 0.5 × TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.3). After electrophoresis, the gels were dried under vacuum, exposed to a screen and analyzed by PhosphorImager ® (Molecular Dynamics, Sunnyvale, CA, USA). Alternatively, gels with non-radiolabeled samples were stained with SYBR ® Green I (Molecular Probes, Eugene, OR, USA), and the images were recorded by an Imager CCD Camera System (Appligene-Oncor, Illkirch, France) equipped with a D540/40 filter (Chroma Technology, Brattleboro, VT, USA).
An enzyme-linked immunosorbent assay (ELISA)-based detection of telomerase activity was performed using TRAP EZEELISA Telomerase Detection Kit (Intergen). The extension/amplification reactions were performed in the presence of biotinylated TS primer under the buffer condition described for gel-based assay, except dCTP was replaced with dinitrophenyl derivatized dCTP (DNP-dCTP). The biotinylated telomerase products were immobilized on streptavidin-coated plate and detected by an anti-DNP antibody conjugated to horseradish peroxidase (HRP). The amount of TRAP products is determined by the colorimetric measurement of HRP activity using the substrate 3,3 ′ ,5,5 ′ tetramethylbenzidine (TMB).
The TRAP assay with Amplifluor primers was performed basically the same as the gel-based format except that the RP and/or TS primers were replaced with Amplifluor primers.
Measurement of Fluorescence Emission
Ten to twenty microliters of the amplification product were mixed with 0.6 mL of buffer (10 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 2 mM MgCl 2 ) and emission at 516 nm (excited at 495 nm) for fluorescein or emission at 620 nm (excited at 600 nm) for Texas Red ® (Molecular Probes) was measured using a Model RF-5000 Spectrofluorophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA).
RESULTS AND DISCUSSION
Principle of the TRAP Assay with the Amplifluor RP Primer Figure 1 illustrates the structure of Amplifluor RP primer and principle of the TRAP assay utilizing the primer. The assay is performed basically under the same experimental conditions as a standard TRAP assay except that the reverse primer is replaced with the Amplifluor RP primer. When the Amplifluor RP primer is unincorporated and in the hairpin conformation (the melting temperature [T m ] of the hairpin structure in Amplifluor RP was experimentally determined to be 67°-68°C), the emission of the fluorescein linked to the 5 ′ end of the primer is quenched by the energy acceptor DABCYL, which is brought in close proximity to the fluorescein moiety by the intramolecular hairpin formation. Upon incorporation into PCR products, the Amplifluor RP primer is linearized to form part of the amplification product ( Figure 1 , line C). In this extended conformation, much less energy transfer takes place between the fluorophore and the quencher since they are separated by over 15 nt and, consequently, a large increase in fluorescence emission is detected (10, 14) . When the Amplifluor RP is hybridized to excess amounts of complementary oligomer, a 20-fold fluorescence increase was detected, which suggests that, assuming all the primer is incorporated into amplification products, a maximum signal to background ratio of 20 is attainable.
Quantitative Detection of Telomerase Activity with Amplifluor RP Primer
Utilizing TS and Amplifluor RP primer, the telomerase activity in serially diluted cell extracts was assayed in a time course up to 36 amplification cycles ( Figure 2 ). As shown in Figure 2A , the fluorescence emission in each reaction increases with an increasing number of amplification cycles. Furthermore, a direct correlation is observed between telomerase activity and the number of PCR cycles where the significant increase of emission becomes detectable. Thus, after 27 cycles of amplification, only reactions with extracts from 10 000 or 1000 cells showed a measurable signal increase; while after 36 cycles, telomerase activity in as few as 10 cells can be detected. By 36 cycles of amplification, signal-tobackground ratio greater than 12 is achieved in the reaction with the 1000-cell extract. Little or no increase of the signal was observed in control experiments where TaqDNA polymerase or telomerase extract was excluded. The TRAP reaction products in Figure 2A were then analyzed by non-denaturing PAGE and SYBR Green I staining ( Figure 2B ). The gel data show the progressive increase of TRAP products with increasing number of amplification cycles, a result consistent with the fluorescence measurements.
Sensitivity and Specificity of the Assay: Comparison with Other Detection Methods
To assess the sensitivity and specificity of the TRAP assay utilizing an Amplifluor primer, telomerase activity in clinical research samples was determined using the TRAP assay with the Amplifluor RP primer, and the results were compared with those obtained by (i) a polyacrylamide gel-based TRAP assay using 32 P-labeling or by (ii) an ELISA-based TRAP assay (Figure 3) . The data obtained with Amplifluor RP primer ( Figure 3A ) indicate samples S7, S8, S9 and S10 are telomerase-positive, where more than 20 relative fluorescence units (RFU) of net increase of emission at 516 nm over control reactions were detected. In the phosphor image of the polyacrylamide gel ( Figure 3B ), the characteristic TRAP ladder is observed for samples S7 through S10. Similarly, samples S7, S8, S9 and S10 are found to be telomerase-positive by the ELISA assay, based on a significant net increase of absorbance at 450 nm ( Figure 3C ). Thus, identical results were obtained by all three TRAP assays with different detection methodologies. The data also indicate that telomerase activity in 10 telomerase-positive control cells can be detected by all three assays.
The specificity of the assay was also confirmed by analysis of cell extracts prepared from IMR-90 and WI-38, fibroblast cell lines that were previously reported to express no detectable level of telomerase (7) . No significant increase of fluorescence was detected with extracts of these cells (data not shown). In addition, the telomerase activity was readily detected in a spiked sample where an extract of 25 telomerasepositive cells were mixed with extract of 10 000 IMR-90 cells before the extension/amplification reaction. Thus, assuming no amplification inhibition, it is possible to detect telomerase activity in a sample where less than 0.5% of the cell population expresses telomerase.
Doubling the Fluorescence Emission by Incorporating Amplifluor Primers into Both Ends of the Amplification Product
In addition to the Amplifluor RP primer, we have designed and synthesized a 33-nt ET TS primer (Amplifluor TS primer) that consists of an 18-nt-long TS primer sequence at the 3 ′ end, and 15 nt that form a hairpin structure at the 5 ′ end similar to that described for the Amplifluor RP primer. Like the Amplifluor RP primer, fluorescein is localized at the 5 ′ end of the primer, and DABCYL is attached to the T residue opposite to the fluorescein in the stem structure. It is important to note that this 5 ′ -end modification of TS primer shows no significant inhibitory effect on the telomerase extension reaction. TRAP assay was performed utilizing three combination of primers: (i) Amplifluor TS and RP, (ii) TS and Amplifluor RP and (iii) Amplifluor TS and Amplifluor RP (data not shown). In assays where both Amplifluor TS and Amplifluor RP are utilized, the fluorescence intensity was nearly equal to the sum of the emission in the two reactions where just one of the primers is an Amplifluor primer. The same correlation can be observed in every assay with different amounts of telomerase. This correlation, together with the result shown in Figure 2 , suggests that the increase of the fluorescence in the TRAP reaction is attributed to the incorporation of Amplifluor primers into PCR products, which is predicted from the molecular design of Amplifluor primers.
Quantification of Telomerase Activity by Incorporating Internal Amplification Standard
One of the difficulties associated with "end-point" PCR analysis is accurate quantification of the target present in the initial reaction mixture. To achieve quantitative detection of The data represent mean value of duplicated assays for each condition. a Relative fluorescence units. Figure 4 . Standard curve-quantification of telomerase activity utilizing internal control labeled with Texas Red. The curve was generated based on the data presented in Table 1 . See text for detail.
the telomerase activity, competitive or semi-competitive internal standards were incorporated into the TRAP assay (8, 16) . In these methods, the TRAP products and the internal standard, each labeled internally or at the 5 ′ end with 32 P, were separated by PAGE. A standard curve was generated by plotting the relative ratio between the radioactivity in the TRAP products and the radioactivity in the internal standard against the amount of telomerase extracts. The telomerase activity in unknown samples was determined by extrapolating the relative ratio of radioactivity in the TRAP products and the internal standard over the standard curve. For the Amplifluor primer system, we have developed a Texas Red/DABCYL pair as a "second color" system. In this second color system, Texas Red and quencher DABCYL are covalently bound to the 5 ′ -end hairpin structure of a primer in an identical manner as those described for fluorescein/DAB -CYL primers. Like fluorescein/DABCYL primers, emission of the Texas Red is quenched by the DABCYL in the hairpin form and detected only upon incorporation into PCR products. The excitation/emission wavelength of the Texas Red (excitation wavelength of 600 nm and emission wavelength of 620 nm) is distinct from that of fluorescein, permitting simultaneous amplification and detection of two amplification products labeled either with fluorescein or Texas Red in a single amplification vessel. For the application in a TRAP assay, we have designed and synthesized a 38-nt-long Texas Red/DABCYL-labeled Amplifluor K2 primer. The Amplifluor K2 primer, together with the TS primer, is used for semi-competitive amplification of 56-nt-long internal control TSK2b. A TRAP assay was performed for serially diluted cell extracts utilizing the Amplifluor K2 primer and Amplifluor RP primer (Table 1 and Figure 4) . The net increase in the emission of fluorescein ( ∆ FL) or Texas Red( ∆ TR) above those in the control reaction where TaqDNA polymerase was omitted corresponds to the amount of telomerase-extended products or the amount of TSK2b internal control, respectively. The data in Table 1 indicate an inverse relationship between the amount of telomerase products and the amount of internal control in each reaction, a result expected due to the semi-competitive amplification between the two products. As described for quantitative TRAP assay with 32 P labeling, a standard curve was generated by plotting the ratio of the net increase of fluorescein emission ( ∆ FL) over the net increase of Texas Red emission ( ∆ TR) against the amount of telomerase extract in each reaction (Figure 4) . The curve shows a good linear correlation between the relative ratio ( ∆ FL/ ∆ TR) and the amount of telomerase activity in a range over 2.5 logs. Furthermore, it demonstrates that even a 2-fold difference of telomerase activity in the sample is detectable.
In addition to the Texas Red/DABCYL, we have developed a TAMRA (Molecular Probes)/DABCYL and a JOE (Molecular Probes)/DABCYL Amplifluor primer system. Like the Texas Red/DABCYL pair, each primer has excitation/emission wavelength distinct from that of fluorescein: 580 nm/600 nm for TAMRA/DABCYL and 532 nm/555 nm for JOE/DABCYL. Incorporating internal controls labeled with these fluorophore/quencher pairs, we have obtained equivalent results as shown in the Figure 4 (data not shown) .
In summary, utilization of Amplifluor primers enables the TRAP assay to be performed in a homogenous closed-tube format, and thus, minimizes the problem of PCR carryover contamination, simplifies the overall assay procedure and makes high-throughput analysis possible. Furthermore, the development of a Amplifluor system utilizing a second dye such as Texas Red with an excitation/emission wavelength distinct from that of fluorescein enables the incorporation of an internal PCR standard, which permits an accurate quantification of the telomerase activity. Such an improved and optimized TRAP assay further enhances the clinical utility of the telomerase activity as a biomarker/indicator in cancer diagnosis and prognosis.
